Summary To better understand the association between different components of bone quality, we investigated the relationship among in vivo generated non-enzymatic glycation, resorption, and microdamage. The results showed negative correlation between advanced glycation end-products (AGEs) and resorption independent of age highlighting the interaction between these parameters that may lead to bone fragility. Introduction Changes in the quality of bone material contribute significantly to bone fragility. In order to establish a better understanding of the interaction of the different components of bone quality and their influence on bone fragility, we investigated the relationship between non-enzymatic glycation, resorption, and microdamage generated in vivo in cortical bone using bone specimens from the same donors. Methods Total fluorescent advanced glycation end-products (AGEs) were measured in 96 human cortical bone samples from 83 donors. Resorption pit density, average resorption pit area, and percent resorption area were quantified in samples from 48 common donors with AGE measurements. Linear microcrack density and diffuse damage were measured in 21 common donors with AGE and resorption measurements. Correlation analyses were performed between all measured variables to establish the relationships among them and their variation with age. Results We found that average resorption pit area and percent resorption area decreased with increasing AGEs independently of age. Resorption pit density and percent resorption area demonstrated negative age-adjusted correlation with diffuse damage. Furthermore, average resorption pit area, resorption pit density, and percent resorption area were found to decrease significantly with age. Conclusions The current study demonstrated the in vivo interrelationship between the organic constituents, remodeling, and damage formation in cortical bone. In addition to the age-related reduction in resorption, there is a negative correlation between AGEs and resorption independent of age. This inverse relationship indicates that AGEs alter the resorption process and/or accumulate in the tissue as a result of reduced resorption and may lead to bone fragility by adversely affecting fracture resistance through altered bone matrix properties.
cannot be assessed by traditional fracture risk assessment techniques based on bone mineral density [1, 2] .
Bone quality is influenced by all hierarchical levels of bone including composition and arrangement of mineral and collagen phases, microstructural features, and cellular mechanisms such as bone remodeling [1, 3] . Changes that occur in any of the material length scales and cellular mechanisms alter bone's material properties and fracture resistance, and may lead to increased bone fragility. As a result, establishing the interrelationship between parameters that influence bone quality is important to gain a better understanding of fracture risk and prevention. In order to achieve this, in the current study, we investigated the relationships between non-enzymatic glycation (NEG), resorption, and microdamage generated in vivo in cortical bone using bone specimens from the same donors.
Non-enzymatic glycation, one of the processes investigated in this study, leads to the formation of advanced glycation endproducts (AGEs) which negatively affect the mechanical properties of bone [4, 5] . AGEs also alter the bone remodeling process by inhibiting osteoblast proliferation and differentiation [6] . On the other hand, there have been contradictory findings about the relationship between osteoclastic resorption and AGEs. In vitro studies have demonstrated both increasing [7, 8] and decreasing [9] trends in osteoclastic resorption with increasing AGEs. In addition, AGEs have been shown to reduce the effectiveness of the energy dissipation mechanisms in both cancellous and cortical bone by influencing the damage formation process and morphology [4, 10, 11] . Microdamage may also be affected by changes in bone resorption. Previous studies have demonstrated an increase in the number of linear microcracks with reduced bone turnover [12] [13] [14] . Microdamage influences the fracture propensity of the bone. Diffuse damage preferentially forms in young donor bone and is a more effective energy dissipation mechanism than linear microcracks [15, 16] . Although these observations provide insight into the relationship between NEG, bone remodeling, and microdamage, a study that evaluates the levels of these parameters generated in vivo and their association on the same set of donors has not been reported. A combined assessment of NEG, resorption, and microdamage occurrence in vivo will provide valuable information on the interaction and interrelationships between composition, cellular processes, and damage formation which directly affect the fracture propensity of the bone.
The goal of this study is to derive the relationships between factors that affect bone quality including NEG, resorption, and microdamage in cortical bone. The results will elucidate the interaction and association between in vivo accumulation of AGEs, osteoclastic bone resorption, and microdamage and provide insight into how these changes ultimately influence the fracture propensity of the bone.
Methods
The current study is based on the investigations performed on cortical bone specimens from the same donor inventory that evaluated the non-enzymatic glycation content, resorption, and microdamage (Fig. 1a) . In order to investigate the relationship between all parameters, common donors in each study were identified resulting in 96 samples from 83 donors for non-enzymatic glycation, 48 common donors between non-enzymatic glycation and resorption, and 21 common donors between non-enzymatic glycation, resorption, and microdamage measurements (Table 1) . Donors for each study were selected such that samples from a wide age range were included in all analyses. The number of male donors was two to three times more than the female donors in each study ( Table 1 ). All donors tested negative for hepatitis B and HIV. None of the donors had known history of osteoarthritis or diabetes or metabolic bone diseases.
Measurement of total fluorescent advanced glycation end-products
AGEs generated in vivo were measured in a total of 96 cortical bone specimens that were obtained from the posterior quadrant of the proximal end of human tibiae (n=83) of both male and female donors (age range, 19 to 97) ( Table 1 ). The bone samples were lyophilized overnight using a freeze dry system (Labconco) and hydrolyzed according to dry mass in 6 N HCl (10 uL HCl per 1 mg bone) for 20 h at 110°C in a vacuum oven. The centrifuged hydrolysates were used to quantify total fluorescent advanced glycation end-products via a fluorometric assay. All centrifuged hydrolysates were stored at −80°C in complete darkness until use.
Total fluorescent AGEs were quantified using protocols from the previous studies [4, 11, 17] . Fluorescence was measured for quinine standards (stock solution, 10 μg/mL quinine in 0.1 N sulfuric acid) and hydrolysates at 360/460 nm excitation/emission using an Infinite 200 microplate reader (Tecan). A chloramine-T solution was added to hydroxyproline standards (stock solution, 2000 μg/mLL-hydroxyproline in 0.001 N HCl) and sample hydrolysates. The resulting solution was incubated at room temperature to oxidize hydroxyproline. To quench residual chloramine-T, 3.15 M perchloric acid was added and incubated at room temperature. Finally, a p-dimethylaminobenzaldehyde solution was added and incubated at 60°C in a water bath. All specimens and standards were cooled at room temperature in complete darkness. The absorbance was measured at 570 nm using the same microplate reader used for fluorescence measurements. The amount of collagen per sample was determined based on hydroxyproline quantity measured [18] , and AGE content was normalized to the amount of collagen per specimen. Total fluorescent AGEs were quantified in terms of nanogram quinine fluorescence per milligram collagen (Table 2 ). AGEs were measured in one specimen per individual for the majority of the donors (72 donors) with the exception of nine donors for which two specimens were utilized and two donors for which three specimens were measured. AGE measurements made on multiple specimens from the same donor were averaged for all correlation analyses.
Measurement of resorption parameters
Resorption-related parameters generated in vivo were measured on transverse histological sections of human tibiae obtained from 48 male and female donors (age range, 19 to 97 years) ( Table 1) . Transverse histological sections were prepared from 1-cm-long cortical bone segments from the proximal mid-diaphysis of each donor tibia. The center of each of these segments was located 3.75 cm from the middle of the diaphysis. The bone length was measured from the extreme points of the proximal and distal epiphysis. The proximal 1-cm sections were embedded in polymethyl methacrylate (PMMA), stained with toluidine blue, sectioned using a microtome, and mounted on glass slides. On each slide, the number of resorption pits generated in vivo were counted over the entire bone cross section using a Nikon Eclipse E600 microscope (Nikon, Melville, NY, USA) (Fig. 1b) . Resorption pits, reflecting the resorption stage of a current remodeling cycle, were identified based on scalloped edges (Fig. 1c) . The areas of resorption pits were identified using Spot Imaging Software (version 4.5, Spot Imaging Solutions, Sterling Height, MI). The area of each bone slice was calculated using ImageJ (http://rsb.info.nih.gov/ij/) based on the cross-sectional images of the tibia. The measured bone area included both mineralized bone and osteoid. The cross-sectional area of each tibia varied from donor-todonor within 1.99 to 5.43 cm 2 with a mean value of 3. 47 (±0.73) cm 2 . The results were expressed as resorption pit density (#/cm 2 ), average resorption pit area (μm 2 ), and percent resorption area (%) ( Table 2) .
Measurement of microdamage
Microdamage measurements were performed on human tibia obtained from 21 male donors (age range, 25 to 89 years) ( Table 1) . Transverse 1-cm-long cortical bone sections were extracted from the distal diaphysis of the tibia. The center of each of these segments was located 3.5 cm below the middle of the diaphysis. The bone segments were subjected to en bloc staining in 1 % basic fuchsin. This protocol captures microdamage generated in vivo as it only marks the damage present at the time of donor's death [19] . The bone sections were then embedded in PMMA and sectioned into 100-μm-thick serial transverse slices. Microdamage measurements were performed on the anterior and posterior cortices at ×200 magnification using brightfield microscopy (IX81, Olympus, Melville, NY). Due to the basic fuchsin staining, linear microcracks appeared as sharply defined lines (Fig. 1d) and were reported as number of microcracks per given area (#/mm 2 ), whereas diffuse damage appeared as an area of pooled staining (Fig. 1d) and was reported as damaged area per total area (μm 2 /μm 2 ) [15, 20] ( Table 2 ). The details of the specimen preparation and measurement can be found in the previous study [15] . In the current study, the average of the anterior and posterior diffuse damage and linear microcrack density was utilized in the correlation analysis.
Statistical analysis
Correlation analyses were carried out between the parameters associated with non-enzymatic glycation, resorption, and microdamage ( Table 2) . Age-related changes in resorption parameters, AGEs, and microdamage were also assessed. Outliers were identified as data points that were beyond three standard deviations from the mean of each variable. Kolmogorov-Smirnov normality tests showed that several data sets were not normally distributed. As a result, the nonparametric Spearman correlation coefficients (r) and their statistical significance (p<0.05) were calculated to determine the variation of resorption, non-enzymatic glycation, and microdamage parameters with age. In addition, age-adjusted partial Spearman correlation coefficients were determined between parameters associated with non-enzymatic glycation, resorption, and microdamage. In order to evaluate the dependence of the results on gender, all correlation analyses were repeated adjusting for gender. All statistical analyses were performed using MATLAB (MathWorks, Natick, MA).
Results
All the measured resorption parameters, including average resorption pit area (r=−0.33, p<0.05), resorption pit density (r=−0.38, p<0.01), and percent resorption area (r=−0.46, p= 0.001), decreased significantly with age ( Fig. 2a-c) . On the other hand, AGEs did not demonstrate a significant positive correlation with age (r=0.14, p=0.22). Linear microcrack density increased with age (r=0.67, p<0.001) whereas diffuse damage decreased with age (r=−0.45, p<0.05).
The statistical analyses performed on the data sets identified statistically significant correlations between parameters associated with non-enzymatic glycation, resorption, and microdamage (Table 3 ). The investigation of the correlation between non-enzymatic glycation and resorption parameters showed that the average resorption pit area and percent resorption area decreased significantly with increasing AGEs independent of age ( Table 3 , Fig. 3a, b) . AGE content did not show any statistically significant age-adjusted correlation with microdamage parameters.
The evaluation of the age-adjusted correlation between resorption and microdamage parameters revealed a reduction in diffuse damage with increasing resorption pit density and percent resorption area (Table 3) . Percent resorption area Correlations between age and resorption. Statistically significant (p<0.05) correlations were observed between age and a average resorption pit area (r=−0.33), b resorption pit density (r=−0.38), and c percent resorption area (r=−0.46). Note that the black and red data points correspond to male and female donors, respectively demonstrated significant positive correlation with average resorption area and resorption density independent of age whereas the age-adjusted correlation between resorption density and average resorption area was not statistically significant (Table 3 ).
When the above correlation analyses were repeated adjusting for both age and gender, the significance of the Spearman correlation coefficients between non-enzymatic glycation, resorption, and microdamage parameters did not change (Table S1 in supplementary material). Additionally, the significance of age-related changes in non-enzymatic glycation, resorption, and microdamage did not show any differences when adjusted for gender with the exception of diffuse damage which demonstrated only near significance (r=−0.45, p=0.056) (Table S2 in supplementary material).
Discussion
In the current study, we investigated the relationship between non-enzymatic glycation, resorption, and microdamage generated in vivo in human cortical bone using bone specimens from the same donors. The results showed evidence of interrelationship between the parameters associated with each category as well as their age-related change. The strength of our study comes from the use of the same donors for the direct measurement of in vivo generated levels of resorption, nonenzymatic glycation, and microdamage in human cortical bone. As a result, our study eliminates the effect of testing conditions and variability between different donor groups and provides a robust evaluation of the in vivo processes that relate to osteoclastic bone resorption, non-enzymatic glycation, and microdamage.
Our study demonstrated that percent resorption area and average resorption pit size generated in vivo decreased with increasing AGEs independently of age. Previous studies in the literature reported conflicting data on the interaction between AGEs and osteoclastic bone resorption. An in vitro study by Valcourt et al. [9] demonstrated a reduction in resorption area and average resorption pit area with increasing AGEs. Similarly, a negative relationship between bone turnover and AGEs was observed during bisphosphonate treatment [21] . However, other studies [7, 8] reported an increase in resorption with increased amount of AGEs. The discrepancy between the results from different studies is most likely due to Note that the black and red data points correspond to male and female donors, respectively the variation in the types of bone slices and procedures used in each study including the duration of culture which has been shown to have a significant influence [9] . Furthermore, in one of the in vitro studies [8] , only positive relationships between resorption pit number and AGEs were reported without any measure of the total resorption area; therefore, the results do not give a measure of the extent of bone resorption at each location. Our results capture the in vivo generated resorptionrelated parameters and are consistent with Valcourt et al. [9] . These results provide important new information that reflect the in vivo generated levels of AGEs and resorption parameters on human bone at the time of the donor's death and are not affected by testing conditions. Based on the above results, it is difficult to determine whether AGEs accumulate first and cause reduced resorption and formation or that reduced resorption leads to accumulation of AGEs in the bone. Previous studies have demonstrated that both of the above situations may exist in vivo. Reduced bone resorption has been shown to lead to the accumulation of AGEs in bone treated with bisphosphonates, in knockout mice models for AGEs, and in altered glycemic controls [21, 22] . Similarly, AGEs can accumulate in tissues including bone due to dietary intake, increased oxidative stress, collagen crosslinking, and result in reduced bone resorption, osteopenia, and aging phenotype [23, 24] . Furthermore, previous studies have identified the interaction between AGEs and receptor of AGEs (RAGE) as one of the causes that alter bone remodeling [25, 26] . The activation of AGE-RAGE pathway was shown to negatively influence osteoblasts and therefore the bone formation process [27] [28] [29] . On the other hand, the activated AGE-RAGE pathway was found to enhance [30] , have no significant influence [27] , or reduce resorption [9] . The observed differences in bone turnover response based on activation of AGE-RAGE pathway have been attributed to the specificity of the generated AGEs [25] .
The current study also found that both the number and size of resorption pits decreased with age resulting in a reduction in the percentage of resorption area compared to the total cortical bone area. Previous studies performed on bone specimens from the male donors showed a reduction in bone resorption [31] [32] [33] [34] , whereas bone resorption increased with age for women [32, 33] . In addition, Martin et al. [35] provided evidence of reduced osteoclast and osteoblast activity in elderly men with reduced resorption pit size. Measurements using micro-computed tomography also showed decreasing resorption pit density with age for a pooled group of bone specimens from men and women [36] . The bone specimens used in our study were obtained predominantly from men (Table 1) ; therefore, the observed trends are expected to agree particularly with the previous studies performed on specimens from male donors. These results indicate that reduction in osteoblast activity with age may be coupled with a reduction in bone resorption and the combination of these two changes may help to preserve the bone remodeling balance in men.
An indirect evidence of reduction in resorption pit size with age is provided by the previous studies that reported a decrease in osteon size with advancing age in both women [37] and men [38] . The size of osteons reflects the amount of bone resorption; therefore, smaller osteons are associated with reduced resorption pit size [37, 39] . The reduction in the resorption pit size with age have been hypothesized to be caused by a decrease in the number of osteoclasts attracted to bone remodeling sites due to spatially limited osteocyctic function [37] .
The assessment of the age-adjusted relationship among the resorption parameters showed that a reduction in percent resorption area was associated with both smaller and fewer resorption pits. No correlation was found between resorption density and average resorption pit area independent of age. The lack of correlation between the size and density of resorption pits may indicate that the activation of resorption process and the extent of resorption after activation are determined by separate mechanisms.
Resorption pit density and percent resorption area were negatively correlated with diffuse damage independent of age. This trend may be a result of the removal of diffuse damage areas with resorption. The relationship between diffuse damage and resorption has not been clearly identified in the literature. Both trends in the removal of diffuse damage with resorption [12] as well as no association [13] have been reported previously in rat bone. In addition, probability density distribution of total diffuse damage in cortical bone was found to decrease with an increase in the size of the area of diffuse damage [40] . This observation indicates that excessive accumulation of diffuse damage is prevented as a result of the remodeling process. No age-adjusted correlation was found between AGEs and microdamage. Previous study on in vitro ribosylated cancellous bone showed elevated levels of linear microcracks [10] . Cancellous bone has higher levels of non-enzymatic glycation compared to cortical bone [41] which may influence the level of microdamage accumulation in the bone tissue. The absence of a relationship between AGEs and linear microcrack density in this study may also be due to the limited size of the samples used in the correlation analysis between nonenzymatic glycation and microdamage.
Unlike the previous reports [5, 41, 42] , AGEs did not show a positive relationship with age. This difference can be explained by the presence of larger variations in AGE values and smaller samples in our study compared to the previous studies. We have previously reported an increase in linear microcrack density and reduction in diffuse damage with age using a larger sample group [43] . The results reported here agree with our previous study as well as other studies that showed the accumulation of linear microcracks with age [44, 45] .
The adjustment of the results for gender did not change the results with the exception of near significant negative correlation of diffuse damage with age. It should be noted that the donor bones used in the current study were obtained predominantly from men. The use of equal number of specimens from both women and men may provide a better insight into the influence of gender on the correlations investigated. Based on the previous studies, as outlined above, the variation of parameters associated with bone resorption may be expected to increase with age for women especially due to postmenopausal osteoporosis [32, 33] . AGEs have been shown to accumulate with age in both men and women, and no differences have been observed between the two groups [42] . Linear microcrack density was shown to be higher in women than men with a higher rate of increase for women with age [44, 45] . Diffuse damage was found to be higher in trabecular bone obtained from men [40] , whereas another study found no significant differences in diffuse damage between men and women [46] . Based on these observations, the majority of the correlations reported in this study are expected to be valid for both men and women with the possible exception of agerelated changes in resorption particularly if postmenopausal women with high bone turnover are included in the study.
As highlighted above, the main limitation of our study is the relatively small sample size for the microdamage measurements. A larger sample size would provide a more thorough assessment of the relationship of microdamage to nonenzymatic glycation and resorption and may unveil relationships that may have not reached statistical significance because of sample size. Another limitation that may influence the results is the disease and treatment states of the donors. Although, the donors did not have any basic bone metabolic diseases, there is no sufficient information in the donor registries to rule out osteoporosis or the use of antiresorptive agents. The existence of the above situations may affect the resorption, glycation, and microdamage measures and could affect the interactions found in the current study. However, as our study contained a large age-range with predominantly male donors and found no gender differences, the influence of antiresorptive and osteoporosis on the results is likely to be minimal. The use of one transverse bone cross section per donor for measuring damage and resorption variables may also be a limitation of the study. The resorption measurements were performed over an entire cross section of each tibia. Similarly, microdamage measurements were done on the anterior and posterior quadrants of a bone cross section. As both measurements were performed over a large area, they are expected to capture the possible local variation in resorption and microdamage variables.
In summary, the current study demonstrated the in vivo interrelationship between the organic constituents, remodeling, and damage formation in cortical bone. The results showed that the age-related reduction in resorption and increase in AGEs is accompanied by a negative correlation between AGEs and resorption independent of age. The inverse relationship between AGEs and bone resorption shown in this study combined with negative association of AGEs with bone formation reported in the previous in vitro studies indicate that AGEs alter resorption and formation and/or accumulate in the bone tissue as a result of reduced resorption and formation. Such changes lead to bone fragility by adversely affecting fracture resistance through altered bone matrix properties. These findings, based on in vivo generated levels of resorption and non-enzymatic glycation parameters, provide additional insight into the age-related reduction in bone fracture toughness and increased bone fragility.
